Background-Women are twice as likely to develop posttraumatic stress disorder (PTSD) than men. As shown in our previous work, the inability to suppress fear responses in safe conditions may be a biomarker for PTSD. Low estrogen in naturally cycling women is associated with deficits in fear extinction. On the basis of these findings, we have now examined the influence of estrogen levels on fear extinction in women with and without PTSD.
nor types of traumatic events nor the presence of comorbid psychiatric disorders significantly account for increased PTSD risk in women (2, 3, 5) . Little is known, however, about the influence of female gonadal hormones, especially estrogen, on PTSD etiology. Some evidence points to a protective role of estrogen in anxiety regulation (6) . Several studies have found that women are more likely to report symptoms of depression and anxiety during premenstrual, postpartum, and perimenopausal periods when estrogen levels are low (7) (8) (9) (10) (11) (12) (13) . Studies using rodent models of anxiety have shown that females in the proestrus phase of their cycle (marked by high estrogen levels) show less fear-and anxietyrelated behaviors relative to females in the metestrus or diestrus phases (lower estrogen levels) (14) (15) (16) (17) . Moreover, neuroimaging studies show greater activation of neural networks involved in fear excitation when women are scanned during the early follicular phase of their menstrual cycle (marked by low estrogen levels) relative to those scanned midcycle (high estrogen levels) (18, 19) . Hence, natural fluctuations of estrogen across the reproductive cycle may factor into the disproportionate incidence of PTSD in women. However few studies have looked at the influence of estrogen in laboratory-based models that explicitly probe for PTSD phenotypes.
There is growing evidence that impaired inhibition of conditioned fear is a biomarker of PTSD (20) (21) (22) (23) . Understanding the influence of estrogen on fear inhibition could shed light on mechanisms underlying sex differences in psychopathology. One laboratory model used for assessing fear inhibition is extinction. In Pavlovian fear extinction, a conditioned stimulus (CS) that was previously paired with an aversive stimulus (US) is repeatedly presented in the absence of the US, leading to a reduction of conditioned fear responding (22) . Milad and colleagues (24) studied the influence of gonadal hormones on fear extinction in women and female rats. They found that low estrogen levels were associated with deficits in fear extinction recall, whereas high estrogen levels were associated with enhanced extinction recall (24) (25) (26) . In addition, they showed that high estrogen levels corresponded to greater functional activation of brain regions previously implicated in fear extinction memory (i.e., ventromedial prefrontal cortex and hippocampus) (25) .
These findings suggest that estrogen plays an important role in fear regulation. However, these effects in cycling females may differ from tonic levels of exogenous estrogen administered in ovariectomized females in which high estrogen has been observed to have a detrimental role on fear inhibition (27) . Importantly, estrogen is only one of the hormones in the complex milieu that changes across the menstrual cycle; progesterone levels, as well as the ratio of estrogen to progesterone, may have strong influences on fear and anxiety. For example, progesterone has been implicated in neuroimaging studies using emotionally arousing images (28) ; additionally, its metabolite allopregnanolone has been associated with impaired fear extinction in rodent models (29) . However, Milad and colleagues (26) investigated fear extinction with respect to both progesterone and estrogen levels and found that deficits in extinction recall seemed to be more highly associated with estrogen.
The present study examines the influence of estrogen on fear extinction in an inner-city population previously shown to have high rates of trauma exposure and PTSD incidence (30) . Given the association between deficits in extinction and low estrogen levels (24, 26) , and PTSD (31, 32) , we hypothesized that there would be an interaction between these variables in that women with low estrogen and PTSD would show the greatest impairments in fear extinction.
Methods and Materials

Participants
The study included 81 women recruited from primary care clinics at Grady Memorial Hospital in Atlanta, Georgia, which serves a primarily African American, low socioeconomic, inner-city population (30, 33) . Women were excluded from participation for active psychosis or bipolar disorder, pregnancy, hearing impairment, and major medical illnesses as assessed by health and physical examinations conducted by study clinicians. Medication use was not an exclusion criterion for the study. Of the 81 participants, 9 were taking psychotropic medications: 4 were on antipsychotics (2 PTSD+, 2 PTSD−), 4 were taking benzodiazepines (2 PTSD+, 2 PTSD−), and 2 were taking selective serotonin reuptake inhibitors (both PTSD+). Women were screened for hearing impairment with an audiometer (Model GS1710; Grason-Stadler, Eden Prairie, Minnesota) and were required to detect tones at 30 dB [A] SPL at frequencies ranging from 250 to 4000 Hz. Before participation, all participants provided written informed consents that were approved by the Emory University internal review board and the Grady Memorial Hospital Research Oversight Committee.
Clinical Assessment
The following measures were used to index PTSD symptoms, childhood maltreatment and lifetime trauma history, respectively: Modified PTSD Symptom Scale (PSS) (34) (35) (36) , Childhood Trauma Questionnaire (CTQ) (37, 38) , and the Traumatic Events Inventory (TEI) (36) . These measures have all been used previously in our work with this population (39) . The categorical definition of PTSD+ versus PTSD− was determined from responses to the PSS questionnaire based on DSM-IV A-E criteria (A, presence of trauma; B, presence of at least one reexperiencing symptom; C, presence of at least 3 avoidant/numbing symptoms; D, presence of at least 2 hyperarousal symptoms; E, occurrence for at least 1 month). Although the PSS measures self reported symptom severity, its use in diagnosing PTSD has been validated using the Clinician Administered PTSD Scale (40) in the Grady population (39) . Figure 1 shows a diagram of the experimental session. The fear-potentiated startle protocol was based on our prior work (32) and consisted of two phases: fear acquisition and fear extinction. The fear acquisition phase began with a habituation phase in which the CSs were presented without any reinforcement; the conditioning phase consisted of three blocks with four trials of each type (a reinforced conditioned stimulus, CS+; a nonreinforced conditioned stimulus, CS−; and the noise probe alone, NA) for 12 trials per block and 36 total trials. Both CSs were colored shapes presented on a computer monitor for 6 sec. The US was a 250-msec air blast with an intensity of 140 psi directed at the larynx. The air blast was emitted by a compressed air tank attached to polyethylene tubing and controlled by a solenoid switch. This US has been used in several of our previous studies (23, 32, 41, 42) and consistently produces robust fear-potentiated startle. In all phases, the intertrial intervals were randomized to be 9 to 22 sec in duration.
Experimental Design
Ten minutes after the conclusion of fear acquisition, participants underwent the fear extinction phase. During these 10 min, the participants engaged in a trauma-neutral task designed to assess attention. The extinction phase consisted of 6 blocks with four trials of each type (the previously reinforced CS+, CS−, and NA) for a total of 12 trials per block and 72 total trials ( Figure 1 ). None of the CS presentations during extinction were reinforced with an air-blast US.
Startle Response Measurements
The startle response data were acquired using the electromyography (EMG) module of the BIOPAC MP150 for Windows (Biopac Systems, Goleta, California). The acquired data were filtered, rectified, and smoothed using the MindWare software suite (MindWare Technologies, Gahanna, Ohio) and exported for statistical analyses. The EMG signal was sampled at a frequency of 1kHz and filtered with low-and high-frequency cutoffs at 28 and 500 Hz, respectively. The maximum amplitude of the eye-blink muscle contraction 20 to 200 msec after presentation of the startle probe was used as a measure of the acoustic startle response.
As in our previous work (23, 32, 41, 42) , the eye-blink component of the acoustic startle response was measured by EMG recordings of the right orbicularis oculi muscle with two 5mm Ag/AgCl electrodes filled with electrolyte gel. One electrode was positioned 1cm below the pupil of the right eye, and the other was placed 1 cm below the lateral canthus. Impedance levels were less than 6 kilo-Ohms for each participant. The startle probe was a 108-dB [A] SPL, 40-msec burst of broadband noise with near instantaneous rise time, delivered binaurally through headphones.
Estrogen Assays
Fasting whole blood specimens were obtained by venipuncture between 8 and 9 AM by experienced nurses at the Clinical Interactions Network within the Atlanta Clinical and Translational Science Institute. Blood draws occurred the morning of the startle testing. To obtain serum for estradiol measurement, blood was kept at room temperature for 30 min to allow clotting and then centrifuged; the serum was transferred to a −80°C freezer for storage until analysis. Estradiol assays were completed by the Yerkes Biomarkers Core Laboratory at Emory University using a commercially available radioimmunoassay kit (product KE2D1; Siemens Healthcare Diagnostics, Deerfield, Illinois). Samples whose coefficient of variation (CV) between the replicates exceeded 20% were repeated and the values averaged. The interassay CV% = 11.3% at 176.13 pg/mL, and 14.56% at 1308.09 pg/mL. The intraassay CV% = 17.61% at 31.40 pg/mL. Individuals whose estradiol levels were too high for the assay detection (n = 7) were not included in any further analyses, resulting in a final sample of 81 women.
Data Analysis
The group variables in the analyses were the high and low estrogen groups derived from the median split of serum estradiol (E 2 ) levels, and PTSD diagnosis (PTSD+, PTSD−). Demographic and clinical data such as age, PTSD symptoms, and childhood and adult trauma history were compared between the groups using a two-way analysis of variance (ANOVA).
Fear-potentiated startle was assessed by comparing average startle magnitude on the CS+ trials to the average startle magnitude to the NA trials using a mixed-model ANOVA with Trial Type and Block as within-subjects factors. Fear acquisition was measured using a difference score by subtracting startle magnitude to the NA trials from startle magnitude in the presence of a CS in each conditioning block. As in our previous work (43, 44) late fear acquisition was defined as blocks 2 and 3 of acquisition, when discrimination learning was at maximum. Extinction was divided into three phases: early (blocks 1 and 2), mid (blocks 3 and 4), and late (blocks 5 and 6) extinction. Differential conditioning between CS+ and CS− was analyzed using a mixed-model ANOVA with Trial Type as the within-subjects factor and between-group factors of Diagnosis (PTSD+, PTSD−) and Estrogen (low E 2 , high E 2 ) groups. Extinction was analyzed using a mixed-model ANOVA with Phase (early, mid, late) as the within-subjects factor and the same between-group factors above. Significant interactions were followed up by univariate ANOVAs. We also performed linear regression analyses to see whether PTSD and estrogen independently predicted the fear conditioning outcomes after controlling for age and trauma history. All statistical analyses were performed in SPSS 17.0 for Windows (SPSS, Chicago, Illinois), with alpha set at .05.
Results
Participant Characteristics
Of the 81 participants enrolled in the study, 32 women met PSS-based criteria for PTSD diagnosis (PTSD+), and 49 women did not (PTSD−). The participants ranged in age from 18 to 66 years old, and their self-identified race was African American (93.3%), Caucasian (4%), mixed (1.3%), or other (1.3%). We used a median split to divide women into low and high estradiol (E 2 ) groups. The mean levels of estradiol were 8.00 pg/mL in the low E 2 group and 92.50 pg/mL in the high E 2 group. Seventeen of 41 women (41.5%) met criteria for PTSD in the low E 2 group, and 15 of 40 women (37.5%) met criteria for PTSD in the high E 2 group, χ 2 = .13, not significant. Table 1 shows the clinical assessment across the PTSD and estrogen groups. As expected, the PTSD+ group had significantly higher PTSD symptoms, as well as more severe trauma exposure compared to the PTSD− group. The estrogen groups did not differ on degree of trauma exposure; however, the low E 2 group had higher average PTSD symptoms than the high E 2 group. Furthermore, the low E 2 group was significantly older (mean = 47.4, SE = 1.9) than the High E 2 group [(mean = 36.9, SE = 1.8), F(1,80) = 16.52, p < .001]. The diagnostic groups did not differ in age. Figure 2 shows fear-potentiate startle during extinction across the diagnostic and estrogen groups. We analyzed the effect of estrogen level within each Diagnostic group and found a significant effect of Phase in both groups, but the effect of estrogen was only significant in the PTSD+ group [F(1,27) = 4.56, p = .04] and not the PTSD− group [F(1,44) < 1.0]. To account for the difference in age and PTSD symptoms between the estrogen groups, we repeated the analysis with these variables as covariates. The effect of estrogen in the PTSD+ group remained significant after controlling for age and PTSD symptoms [F(1,24) = 5.44,p = .03] and in the PTSD− group was still not significant [F(1,37) = 1.21, p = .28]. Furthermore, because we did not exclude menopausal women from the study, we repeated the earlier analysis of estrogen effects by selecting only individuals younger than 50 and found the same results. In PTSD+ women under 50 years of age, the low E 2 group had significantly higher levels of fear-potentiated startle during extinction compared to the high E 2 group [F(1,14) = 5,71, p = .03].
Fear Acquisition
We also examined the effect of Diagnosis within low and high estrogen groups separately. Again, both groups demonstrated significant extinction across Phase; however, in the low E 2 group, PTSD+ subjects had significantly higher fear-potentiated startle compared with PTSD− control women [F(1,38) = 5.04, p = .03]. This group difference was absent in the High E 2 group [F(1,33) < 1.0]. Given that the diagnostic groups differed significantly in trauma exposure (Table 1) , we repeated the analysis with CTQ and TEI scores as covariates. Figure 3A shows the differences between PTSD groups in the low E 2 group, and Figure 3B shows the two diagnostic groups in the High E 2 group. Again, all groups demonstrated significant effects of Phase (all groups, p < .001). Although there were still no differences within the high E 2 group, the effect of PTSD in the low E 2 group was strengthened [F(1,39) = 8.79, p = .005]. We followed up this significant effect with univariate analyses of each Phase of extinction and found that the greatest Diagnostic group differences within the low E 2 group were during midextinction (blocks 3 and 4) [F(1,37) = 9.86, p = .003] but were also significant during early extinction (blocks 1 and 2) [F(1,37) = 5.21, p = .03] and late extinction (blocks 5 and 6) [F(1,37) = 5.07, p = .03; Figure 3A ]. The Diagnostic groups within the high E 2 group did not differ at any phase of extinction ( Figure 3B ).
To assess whether PTSD diagnosis and low estrogen levels independently accounted for deficits in midextinction, we performed a hierarchical stepwise regression analysis entering age in the first step, trauma history in the second step, PTSD diagnosis in the third step, and estrogen level in the final step ( Table 2 ). The overall model with all four predictors accounted for 16% of the variance in midextinction, although neither age nor trauma history had significant contributions. A diagnosis of PTSD contributed significantly beyond age and trauma history [F change (1,61) = 6.62, p = .01]. After accounting for age, trauma, and PTSD, estrogen accounted for an additional 6% of the variance [F change (1,60) = 4.41, p = .04].
Discussion
The results of the current study extend recent findings that demonstrate a significant effect of estrogen levels on one's ability to inhibit learned fear (24) (25) (26) . We now report that, among traumatized women with low estrogen levels, fear-potentiated startle was higher during extinction training in those with PTSD as compared to traumatized women without PTSD. In the high estrogen group, we found no effect of PTSD diagnosis. These data suggest that low levels of circulating systemic estrogen may be a vulnerability factor for the development of PTSD in women with a history of traumatic exposure. The fact that PTSD symptoms were higher in the low estrogen group compared with those in the high estrogen group further supports this hypothesis. It is important to note, however, that low estrogen alone is not sufficient to develop PTSD given that the proportion of women who met criteria for the disorder was not higher in the low estrogen group; however, low estrogen may be a contributing factor to a vulnerability profile that includes additional biological and psychological risk factors. Another possibility is that PTSD leads to low estrogen levels, rather than vice versa. Although our study cannot address this issue, studies in healthy cycling women (26) , along with research on perimenopause and depression (13), suggest that low estrogen, due to changes in menstrual cycle or reproductive phase, may predate the onset of mental disorders. Our study suggests that impaired fear inhibition may provide a mechanism through which estrogen affects mental health outcomes. A longitudinal study testing extinction levels at different points of the cycle in the same individuals with and without PTSD would clarify the relationship between estrogen and PTSD.
Our findings complement previous reports by Milad and colleagues (24, 26) who reported on the effect of estrogen levels (high vs. low) on the recall of extinction learning. In our study, which did not assess extinction recall, we observed differences between high and low estrogen groups during extinction training. It is important to note that the Milad group employed skin conductance measures, whereas the current study included fear-potentiated startle measures. Taken together, these two lines of research highlight the importance of further study on estrogen levels and menstrual phase on extinction learning as it potentially applies to clinical female populations with and without fear and anxiety symptoms.
The results of this study are consistent with our recent data showing impaired fear inhibition in women who were in the follicular phase (low estrogen) of their menstrual cycle (E.M. Glover et al., unpublished data). Our study is the first, however, to show an interaction of estrogen and PTSD-specific fear extinction deficits in a clinical sample. Thus, these findings have great clinical significance because they suggest that elevating estrogen levels in some patients may prove beneficial in rescuing extinction deficits observed in PTSD. Similar studies have found that estradiol administration significantly alleviated symptoms of depression in perimenopausal women (45, 46) .
How estrogen is linked to PTSD is not known, and few studies exist that explore this relationship in clinical populations (44, 47) . Several lines of evidence demonstrate sex and stress hormone interactions in women and female animals. However, the relationship between stress and gonadal hormones in modulating PTSD risk is not well understood. Studies have found sexually dimorphic effects of cortisol on fear conditioning and extinction (48) , as well as sex and menstrual cycle effects on limbic neurocircuitry (19) . A recent study conducted on the same traumatized population as the current study (i.e., Grady Trauma Project) found that a peptide in the stress response system, pituitary adenylate cyclaseactivating polypeptide (PACAP), may be a biomarker for PTSD in women but not men (44) . These studies underscore the complexity of the interactions between stress and sex-specific dimorphisms in neural and endocrine function and the need for further investigation of these interactions with regard to risk for anxiety disorders.
Dysregulated fear responses in PTSD have been demonstrated with neuroimaging studies
showing heightened amygdala activation to fear-evoking stimuli (49) (50) (51) , attention biases toward threatening faces and exaggerated fear-potentiated startle to danger cues (43) , and deficient extinction of fear responses (31, 32) . Our study suggests that this increased "fear load" may, in part, result from hormonal status, in that low levels of estrogen may contribute to impaired fear inhibition. This argument is supported by the deficient fear extinction as well as increased symptoms of PTSD in the traumatized women with lower estrogen levels. The regression analysis indicates that low estrogen is predictive of impaired inhibition of fear even after accounting for PTSD diagnosis. Therefore, low estrogen may increase risk for PTSD by decreasing fear inhibition, which can serve as a biomarker of the disorder (52) .
Given the higher prevalence of PTSD in women than men, it may seem contradictory that low, rather than high estrogen was associated with impaired fear extinction, which has been linked to PTSD (53) . However, it is important to note that studies comparing fear extinction in men with either high or low estrogen women have found that men respond similarly to women with high levels of estrogen (26) , indicating that testosterone may also affect fear inhibition either directly or through aromatization to estrogen. Given that progesterone and its metabolite allopregnanolone have been implicated in fear extinction in rats (29) , as well as anxiety regulation (54) and emotion processing (28, 55) in humans, further research is needed to elucidate the roles of progesterone and estrogen, or their ratios, in modulating fear inhibition in women. It is important to note that cycling hormones may have very different effects on behavior and emotion than continuous low levels, as seen during use of hormonal contraceptives.
A limitation of this study is that, on average, the low estrogen group was older than the high estrogen group in our clinical sample. This was because of the random recruitment approach in which we did not exclude participants based on hormonal status or menopause. To account for the difference in age between the estrogen groups, we repeated our statistical analysis with age as a covariate and found that the effects of estrogen in the PTSD+ group were even more robust and that the PTSD− group did not change. Furthermore, because we did not exclude menopausal women from the study, we repeated the analysis of estrogen effects by selecting only individuals younger than age 50 and replicating our original results. Another limitation of our study is that that the diagnostic groups differed significantly in trauma exposure (Table 1 ). One could argue that independent of PTSD diagnosis, lifetime trauma exposure might interact with low estrogen to contribute to extinction deficits. However, when we controlled for adult and childhood trauma exposure by using CTQ and TEI scores as covariates in our analysis, we found that although there were still no diagnostic differences within the high E 2 group, the effect of PTSD in the low E 2 group was strengthened. Our participants were recruited from the primary care patient pool at Grady Hospital in Atlanta, which serves mainly an African American, low socioeconomic status, highly traumatized population. This population is significantly more susceptible to traumarelated stress disorders and has been largely understudied in human clinical research. However, future research should replicate the current findings across a broad range of demographics.
These data suggest that independent of trauma exposure, individuals with PTSD may have an increased sensitivity to estrogen fluctuations. That this sensitivity to hormonal change is manifested through extinction deficits underscores the advantage of this paradigm in detecting biomarkers of PTSD. Considering the high prevalence of PTSD in women, further research is needed, especially in clinical populations, to understand the influence of estrogen on PTSD and to develop estrogen-sensitive treatments for its clinical management. Schematic illustration of the experimental paradigm. The previously reinforced conditioned stimulus (CS+) in the extinction session did not include the air blast (aversive stimulus [US]). CA−, nonreinforced conditioned stimulus; NA, noise probe alone. 
